Research for biotechnological applications of cyanobacteria focuses on synthetic pathways and 10 bioreactor design, while little effort is devoted to introduce new, promising organisms in the field. 11
Introduction 24
Biotechnology oriented research with cyanobacteria ranges from the production of low-cost material 25 like bulk chemicals or biofuels (1) to high-value compounds like pharmaceutics (2). Advancements in 26 cyanobacterial biotechnology are based on continued optimization of photobioreactors, the 27 introduction and improvement of metabolic pathways by recombinant DNA technology, and the 28 search for suitable organisms (3, 4) . The establishment of protocols for gene transfer can be 29 challenging for new cyanobacteria, because of barriers like extracellular materials and nucleases 30 (reviewed in (5)). There are three common methods for gene transfer into cyanobacteria: 31 electroporation, conjugation, and natural transformation (NT). For NT, cells have to be in a 32 physiological state, termed natural competence, in which the recipient cell is able to actively 33 transport DNA into the cytoplasm. Protocols for NT are generally simple and straight forward (6, 7), 34 but only few naturally competent cyanobacteria (NCC) are known: diverse Synechococcus (8, 9) and 35 Synechocystis (10, 11) strains, Microcystis aeruginosa PCC 7806 (12) and Thermosynechococcus 36 elongatus BP-1 (13). These cyanobacteria have a unicellular lifestyle, and NT was frequently 37 described as a unique feature of few unicellular cyanobacteria (6, 14, 15) . We also found one report 38 about NT of the filamentous cyanobacterium Nostoc muscorum (16), but are not aware of other 39 filamentous cyanobacteria. 40 Natural transformation in bacteria is dependent on pil proteins of type IV pili. Furthermore, the 41 competence proteins ComEA, ComEC, and ComF as well as the DNA processing protein DprA and the 42 DNA recombination and repair protein RecA are essential (17) (18) (19) . For the cyanobacterium 43 Synechocystis sp. PCC 6803 , comEA, comF, pilA1, pilB1, pilD, pilM, pilN, pilO, pilQ, and pilT1 knockout 44 mutants are deficient in . Although in a recent survey, homologs of these and other 45 competence related genes were found in most cyanobacterial genomes (24) there is so far no 46 experimental evidence for NT in a novel species since more than a decade. 47
Most cyanobacteria possess multiple chromosomes per cell (25) (26) (27) (28) (29) . After transformation, 48 homologous recombination results in the integration into one chromosome. Segregation into the 49 other chromosomes can be achieved by selection on increasing antibiotic concentrations. Until 50 complete segregation is achieved, the transformants may be unstable and the integrated sequences 51 can be lost again under nonselective conditions (30, 31). 52 In this work we established an NT protocol for Phormidium lacuna, a filamentous cyanobacterium of 53 the order Oscillatoriales, a species isolated and characterized by our workgroup as a promising 54 candidate for biotechnological applications (32). This is to our knowledge the first transformation 55 protocol for the genus Phormidium and the first report of NT for the order Oscillatoriales. 56
Phormidium lacuna was transformed by the integration of the kanamycin (Kn) resistance cassette 57 (kanR) into the genome via homologous recombination. Clones were selected by Kn resistance and 58 integration into genome was validated by PCR. During clone validation it was found that Phormidium 59 lacuna is polyploid. This was confirmed by a DAPI fluorescence assay. By comprehensive BLAST 60 analysis based on sequences of essential proteins for natural transformation (natural transformation 61 factors, NTFs) we predict that a large fraction of cyanobacteria might be naturally transformable. 62 63 Methods 64
Plasmids for transformation 65
For transformation studies, we constructed plasmids with a Phormidium lacuna sequence sc_7_37 66 (position 37 in DNA scaffold 7) that is interrupted in the middle by a kanamycin resistance cassette. A 67 1138 bp and a 2167 bp product were generated by PCR using Q5 polymerase (NEB, Ipswich, MA, 68 USA) and HE10DO DNA as template. The primer pairs were t256: CGTGCGAGACTCAACCCAAAC / 69 t257: GAAACCTGATCGAACCGTTTTAC for the short sequence and F114: TTGTTCGAGGCAGTTGCG / 70 F115: TGACAATGGGGTGGAGGG for the long sequence. The sequences were integrated into pGEM-T 71 (Madison, WI, Promega, USA). The Phormidium lacuna sc_7_37 sequence encodes for a putative 72 hydrogenase (WP_087706519); the sequence of the strain used in the present study, HE10DO, is 73 identical with Phormidium lacuna HE10JO for which the genome sequence is established (32). pGEM-74 T plasmids are not propagated in cyanobacteria due to incompatible origin of replication (33). 75
The kanamycin resistance cassette kanR was PCR amplified from pUC4K (34) using the primer pair 76 GG1: CAACAAGAAGACGGAACCTAGGCACCCCAGGCTTTACAC / GG2: 77 CAACAAGAAGACGCAAACTTTGCTTTGCCACGGAACGG. The plasmid with the long sc_7_37 insert was 78 amplified with the primers GG3: CAACAAGAAGACCCGTTTGCGAGGCTAAAGGC / GG: 4 79 CAACAAGAAGACACGGTTCCCACTCCCAAAGC. The resulting plasmid pFN_7_37_2k_kanRn was 80 generated by the type IIS restriction enzyme BbsI and T4 DNA ligase (both NEB, USA). Another 81 version of kanR with slightly different 5´ and 3´UTR was generated by PCR using the primer pair F13: 82 CAACAATCTAGACTCGTATGTTGTGTGGAATTG / F14: CAACAAGCTAGCCAAGTCAGCGTAATGCTCTG. This 83 cassette was inserted in the plasmids with the long and the short homologous sc_7_37 sequence. 84
Plasmids were amplified with the primer pair F5: CAACAAGCTAGCGTTTGCGAGGCTAAAGGCG / F6: 85 CAACAATCTAGAGGTTCCCACTCCCAAAGC and DNA sequences digested with XbaI and BmtI (NEB, 86 Ipswitch, MA, USA) and ligated. The resulting plasmids are termed pFN_7_37_kanR and 87 pFN_7_37_2k_kanR plasmids for transformation were purified using Macherey Nagel (Düren, 88 Germany) midi-prep plasmid purification kit. 89 90
Cultivation of Phormidium lacuna 91
Phormidium lacuna strains HE10DO and HE10JO were cultivated at 23 °C in f/2 salt water medium 92 (35, 36) For transformation, Phormidium lacuna HE10DO (32) were cultivated in 100 ml f/2 medium to an 99 optical density OD 750 nm of 0.25 -0.35. The cell suspension was homogenized using an Ultraturrax 100 (Silent Crusher M. Heidolph, Schwabach, Germany) with the dispersion tool 18F at 10,000 rpm for 3 101 min. The cell suspension was centrifuged at 6000 g and 4°C for 15 min. After each centrifugation 102 step, the supernatant was removed. Cells were resuspended in 20 ml water (4 °C) and centrifuged 103 again. This washing step was repeated. The cells were finally suspended in the residual liquid, 104 transferred into 1.5 ml tubes and centrifuged again at 6000 g at 4°C for 15 min. Cells were finally 105 suspended in 1 ml supernatant. Portions of 100 µl were mixed with 3-30 µg DNA in 10 µl water, 106 transferred into 10 ml f/2 medium and cultivated for 2 d. Cells were again centrifuged, resuspended 107 in 1 ml medium and transferred to f/2 agar plates with 0, 70 and 120 µg/ml Kn. Resistant lines were 108 selected after 10 -28 d. Transgenic cells were cultivated on increasing Kn concentrations in f/2+ 109 suspension culture until complete segregation was achieved. Electroporation experiments were 110 performed with both strains HE10DO and HE10JO, whereas natural transformation was performed 111 with the strain HE10DO only. 112 113
Validation of transformants 114
To test for homologous integration, ca. 10 mg cell samples were homogenized and lysed 115 mechanically by micropestle and subjected to PCR with Taq Polymerase (NEB, USA). The following 116 primers were used: F25: GGTCTAGGTGAGGCAATCC / F28: ACCTGATTTGTTTATATCTGACGC for 117 pFN_7_37_kanR transformants and F120: GGGTAGCCTAGACTCATCC / F121: 118 ATGCGGAAGTGACTGAGG for pFN_7_37_2k_kanR and pFN_7_37_2k_kanRn transformants. All Protein sequences of the NTFs of Synechocystis sp. PCC 6803 were obtained from the NCBI data base. 124 BLAST+ (version: 2.7.1, (37)) based on the annotated NTFs of Synechocystis sp. PCC 6803. All NTFs 126 identified in this way were used in a BLAST query against all cyanobacterial sequences of the NCBI 127 non-redundant database (August 2018). Bit score as indicator of homology was processed by a 128 minimum homology quotient method: For each homolog, the bit score of each alignment was 129 divided the by smallest bit score of the respective NCC pairs. This value is given in Table 3 . 130 131
Chromosome copy number 132
Phormidium lacuna liquid cultures were homogenized by an Ultraturrax for 3 min at 10,000 rpm. To 133 determine the cell concentration, the total length of all filaments in a given volume of a counting 134 chamber was estimated (about 50 filaments for each sample) and divided by the average cell length 135 (4 µm). Cells were quantitatively disrupted using an Aminco French pressure cell (Thermo Fischer, 136 Waltham, MA, USA). A fluorescence excitation spectrum from 300 to 400 nm was recorded at 490 137 nm emission. Thereafter, DAPI was added to a final concentration of 100 ng/ml. The fluorescence 138 spectrum was measured again. After addition of 5 µl DNase (75 Kunitz) the fluorescence decreased 139 over 2 h. The difference of peak values before and after DNA digestion was taken as measure for 140 DNA concentration. As a reference, calf thymus DNA at various concentrations was dissolved in the 141 same medium and the exact concentrations determined by A 260 nm . The same fluorescence recordings 142 were performed as with Phormidium lacuna DNA. Final values were corrected by GC contents of both 143 species, since GC does not induce DAPI fluorescence (38) . A genome size of 3.5 Mio bp from genome 144 sequencing was taken for Phormidium lacuna (32). 145 146
Results 147
We initially established a transformation protocol for Phormidium lacuna by electroporation that was 148 based on protocols for related filamentous cyanobacteria (39-42). For integration into cyanobacterial 149 DNA we used homologous recombination, which works at high efficiency in cyanobacteria (43) and 150 other bacteria. In the transformation vectors, the homologous sequence "sc_7_37" was interrupted 151 by a kanR resistance cassette. With these vectors, we obtained Kn resistant lines in about 40% of 152 trials. During electroporation studies, we isolated a resistant line from a control experiment in which 153 cells were incubated with DNA, but no electroporation pulse was given. The transformation protocol 154 could be optimized (Table 2 and methods) so that in almost all transformation assays, DNA was 155 integrated in Phormidium lacuna cells. Fig. 1 shows examples for filaments on selection medium at 156 different time points after transformation. 157
During our studies, we used plasmids pFN_7_37_kanR and pFN_7_37_2k_kanR(n) ( Fig. 2 A and  158 methods) that differ by the length of the homologous sequence; the kanR resistance cassette is 159 flanked by ca. 500 bp or 1000 bp homologous sequences on each side, respectively. In a comparison 160 of electroporation and NT that were performed under similar conditions (Table 1 and methods 161 section), the success rate was always higher for NT as compared to electroporation (Table 2) . When 162 the pFN_7_37_2k_kanR(n) vectors was used , 15 out of 16 NT transformation trials were successful, 163
i.e. resulted in the isolation of resistant lines that could be confirmed by PCR (see below). In the 164 electroporation experiments, only 44 % transformation trials were successful. We assume that the 165 deleterious effect of the electric pulse overrides the positive effect that the pulse might have on DNA 166 incorporation into the cells. For Synechocystis sp. PCC 6803 it was observed that longer flanking 167 sequences are beneficial for the homologous recombination into the genome (44). For Phormidium 168 lacuna, we found no significant difference of transformation success between 500 bp and 1000 bp 169 flanking sequences ( Table 2 ). The length of the insert can also be critical for integration into the 170 genome. In further transformation experiments we used inserts up to a length of 4241 bp. These 171 could also be integrated into the genome of Phormidium lacuna, although with lower transformation 172 efficiencies. It should be noted that the electroporation experiments were performed with both 173 strains HE10JO and HE10DO, whereas natural transformation experiments were only performed with 174
HE10DO. 175
We found that transformants with the kanR cassette were resistant against very high Kn 177
concentrations. Transformed lines could be routinely cultivated up to at least 15 mg/ml Kn (Fig. 2) . In 178 50 mg/ml Kn, transformants remained green for few days but did not survive the first week. The 179 upper limit for Kn resistance is thus around 20-40 mg/ml. Escherichia coli DH5α and Synechocystis sp. 180 PCC 6803 cells, transformed with the same kanR, were resistant up to ca. 200 µg/ml and ca. 500 181 µg/ml Kn, respectively. In an extensive literature survey we found a report about an environmental 182
Enterococcus strain that was resistant up to 2 mg/ml Kn (45), but no report about higher Kn 183 resistance. Thus, transformed Phormidium lacuna has probably the strongest Kn resistance reported 184 so far. 185
We wanted to integrate the resistance cassette into a neutral site in order to allow expression of 186 additional introduced genes in future experiments. The selected homologous sequence codes for a 187 hydrogenase homolog (WP_087706519). Cyanobacterial hydrogenases are oxygen sensitive (46) and 188 should not be active under our standard growth conditions with continuous illumination. Indeed, the 189 transformants did not display an observable phenotype. 190
The integration into the genome was validated by PCR. Figure 3 shows results from a transformation 191 with pFN_7_37_KanR. The used primers bind to regions in the genome of Phormidium lacuna just 192 upstream or downstream of the insertion site, respectively. In wild type extracts, an expected short 193 PCR product of 1200 bp was detected (Fig. 3) . Lines T1a and T1b are from filaments that had been 194 cultivated in liquid medium with 1000 µg / ml kanamycin for 4 weeks after transformation and the 195 expected long PCR product with 2600 bp was detected. In T2a and T2b, which are from filaments that 196 were cultivated for 9 d in liquid culture with 250 µg/ml Kn, both the 1200 bp and the 2600 bp PCR 197 products were present. Such a "partial integration" is known from transformations of other 198 cyanobacteria where it results from the polyploid character of these cells (25). In our Phormidium 199
lacuna transformation experiments, the pattern of partial integration during early selection and 200 complete integration after prolonged selection was observed in 8 independent experiments. In order 201 to find out whether Phormidium lacuna cells are also polyploid, we estimated the number of 202 chromosome copies by a DAPI based fluorescence assay. In single experiments, the estimated values 203 of chromosome copies varied between ca. 20 and ca. 120. Phormidium lacuna has thus multiple 204 chromosome copies per cell. We assume that the large variations are not only due to methodological 205 variations, since in control measurements with calf thymus DNA the variations were much smaller. 206
Although cultivation was performed under standardized conditions, yet unknown factors must affect 207 the chromosome copy number of whole samples. However, when the Phormidium lacuna data were 208 plotted against cell densities (Fig. 3 ), values at lower densities i.e. shorter time of propagation, 209 correlated with higher numbers of chromosome copies; at higher OD, the copy numbers were 210 around 20. Thus, there is an influence of growth phase on the chromosome copy number in 211
Phormidium lacuna, which has also been reported for Synechocystis sp. PCC 6803 (24, 28) . 212
We also studied by PCR how the Kn concentration in the medium affects the segregation of kanR in 213 the genome (Fig. 4) . After transformation and selection of a resistant line and one cultivation cycle in 214 suspension culture with 100 µg/ml Kn, the filaments were divided and cultured at 0, 100, 980 and 215 8300 µg/ml in suspension culture with subcultivation every 7 d for 4 weeks. After the first 216 subcultivation, two PCR bands were observed in all cultures, indicating that Kn resistance was 217 integrated in a part of the chromosomes but not in all (Fig. 4 a) . Without antibiotic pressure, the 218 2600 bp PCR product decreased transiently and increased again after the 4 th subcultivation, and the 219 1200 bp wild type PCR product was present through all subcultivations. In the 100 µg/ml Kn samples, 220 the wild type band was diminished after the third subcultivation and almost, but not completely, lost 221 after the 4 th subcultivation. The results were similar for the selection on 980 µg/ml Kn. With 8300 222 µg/ml Kn, the wild type band disappeared almost completely already after the 2 nd subcultivation and 223 was apparently lost after the 3 rd and 4 th subcultivations. Thus are NTFs, i.e. required for NT (20) (21) (22) (23) . Other NTFs that are essential for NT in general (but loss of NT 231 has not been demonstrated in cyanobacteria) are ComEC, DprA and RecA (19) . A functional type IV 232 pilus in combination with this set of expressed non-pili proteins is probably not only crucial but also 233 sufficient for NT. We can therefore assume that the probability for NT is high if a species has 234 functional homologs of all proteins. In order to get an overview about the distribution of these 235 proteins in selected cyanobacteria, we first identified NTF BLAST homologs in the naturally 236 competent cyanobacteria (NCC), Synechocystis sp. PCC 6803, Synechococcus elongatus PCC 7942, 237
Synechococcus sp. PCC 7002, Thermosynechococcus elongatus BP-1, Microcystis aeruginosa PCC 7806 238 and, Phormidium lacuna HE10JO (8-13) . The strains Phormidium lacuna HE10JO and HE10DO are very 239 similar and the genomic data for HE10JO is considered also relevant for the strain HE10DO (31). This 240 set of proteins is used to define a range of similarity to decide whether other homologs are 241 functional or not. We BLASTed all NTFs of all NCCs against the genomes of selected other 242 cyanobacteria. In order to normalize each target, the highest bit-score (out of 6) was divided by the 243 lowest bit-score among the 6 NCCs (i.e. the most unrelated NTF pair among NCCs). If the quotient is 244 >= 1, we regard the target protein as functional homolog, because it is then within the range of NCC. 245
If all NTF homologs of a species have values >= 1, the chances are high that NT is possible. Among 30 246 cyanobacterial species for which no NT is reported, 19 have quotients >=1 for all 13 NTF homologs 247 and are thus promising candidates for NT. Among them are 14 filamentous cyanobacteria including 248 two members of the genera Arthrospira / Spirulina and Trichodesmium with high economic impact. 249
For other species the quotient for one or more NTFs is below 1, yet all essential genes for NT seem to 250 be present in the genome but in lower homology to the NCC. These organisms may also be naturally 251 transformable but it may be less likely due to the homology based prediction. Quotients ≤ 0.2 are 252 considered as indicative for random hits during the BLAST search. Therefore, the 5 species that have 253 at least one quotient ≤ 0.2 are regarded as critical for NT.
Discussion 255
Even though natural competence is known for several single celled cyanobacterial species and one 256 filamentous cyanobacterium, Nostoc muscorum (16), this mechanism was considered as rare trait 257 among cyanobacteria (6, 14, 15) . The finding of natural competence in Phormidium lacuna, the first 258 example for the order Oscillatoriales, was therefore unexpected and surprising. Since now a new 259 order of cyanobacteria is addressed, we assume that natural competence is broadly distributed 260 among cyanobacteria. Our bioinformatic studies on the distribution of NTF homologs among 30 261 species, which are intended to be a representative selection of the cyanobacterial phylum, supports 262 this hypothesis: functional homologs of all NTFs are present in at least 19 species. Thus, NT seems to 263 be a widely distributed physiological function in cyanobacteria and could contribute more to 264 evolutionary adaptations than previously suggested. It might play a major role in horizontal gene 265 transfer, genetic recombination, and DNA repair in this phylum. Natural transformation is easy and 266 uncomplicated and a more widespread use would be a benefit for basic and applied research in the 267 field. 268
Our bioinformatic analysis gives example that the rapidly increasing numbers of cyanobacterial 269 genomes will help to identify potentially transformable species and offers a simple way to rank 270 potential candidates. A recently published similar analysis (24) also comes to the conclusion that 271 natural competence could be a common feature among cyanobacteria. However, not only the 272 complete set of essential genes for natural competence but also their coordinated expression is 273 important. Gene expression of NTFs is probably dependent on internal or environmental parameters. 274
Studies on the regulation of natural competence are mostly limited to the gram positive genera 275
Bacillus and Streptococcus and the gram negative Vibrio cholerae (48, 49) . 276
All Phormidium lacuna filaments are highly motile on agar medium (35), and motility of 277 cyanobacteria is thought to be dependent on type IV pili (50), the same structure that mediates NT. 278 Motility indicates that pil genes are expressed, and a preselection of motile strains or conditions that 279 increase motility could help in successful NT. The filamentous growth and motility on agar surfaces 280 and different membranes is the reason why no colonies are obtained after transformation and the 281 respective frequencies cannot be calculated as cfu/µg of plasmid DNA. 282
Genetic engineering is now possible for another cyanobacterium, which can be used in the future for 283 basic research and biotechnological applications. The established protocol includes few washing 284 steps, DNA addition and subcultivation, and clear results are obtained after about 4 weeks. 285
Homogenization of filaments and subsequent washings could remove extracellular polymeric 286 materials and nucleases (5) and could thereby promote NT. Members of the genus Arthrospira (or 287 Spirulina), for which high nuclease activities were reported (40, 51), might be transformed by the 288 same or a similar approach. Trials with other cyanobacteria that follow either the standard protocol 289 or a simplified version of it are easy and can rapidly provide clear results. 290
The Phormidium lacuna transformants have an extraordinarily high resistance against Kn. We have in 291 the meantime targeted other loci and found a strong antibiotic resistance for these transformants as 292 well. We therefore would rule out a gene-positional effect on kanR expression. Although the origin of 293 this strong resistance is unclear, it could accelerate the segregation into chromosomes and thereby 294 speed up the entire transformation process. 295
We have shown that a newly isolated cyanobacterium Phormidium lacuna can be transformed by 296 natural transformation and homologous recombination during which a kanR resistance cassette is 297 integrated into the genome, that the transformants are extraordinarily resistant against Kn, that the 298 cyanobacterium has multiple chromosome copies and that rapid segregation of the kanR resistance 299 cassette into all chromosomes can be by achieved by the high resistance. We hope that our results 300 stimulate trials on natural transformation of other cyanobacteria and thereby contribute to a 301 broadening of research on more species, especially the filamentous ones. 302
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